ABSTRACT FOXP2, the first gene causally linked to a human language disorder, is implicated in song acquisition, production, and perception in oscine songbirds, the evolution of speech and language in hominids, and the evolution of echolocation in bats. Despite the evident relevance of Foxp2 to vertebrate acoustic communication, a comprehensive description of neural expression patterns is currently lacking in mammals. Here we use immunocytochemistry to systematically describe the neural distribution of Foxp2 protein in four species of muroid rodents: Scotinomys teguina and S. xerampelinus ("singing mice"), the deer mouse, Peromyscus maniculatus, and the lab mouse, Mus musculus. While expression patterns were generally highly conserved across brain regions, we identified subtle but consistent interspecific differences in Foxp2 distribution, most notably in the medial amygdala and nucleus accumbens, and in layer V cortex throughout the brain. Throughout the brain, Foxp2 was highly enriched in areas involved in modulation of fine motor output (striatum, mesolimbic dopamine circuit, olivocerebellar system) and in multimodal sensory processing and sensorimotor integration (thalamus, cortex). We propose a generalized model for Foxp2-modulated pathways in the adult brain including, but not limited to, fine motor production and auditory perception. 
The unique acoustic structure and integral social function of vocalizations in "singing mice," Scotinomys teguina and S. xerampelinus, motivated us to examine in detail the distribution of neural Foxp2 protein in these Central American muroid rodents. Scotinomys calls are highly stereotyped, comprising a temporally compact (1-16 seconds) but structurally complex series of notes (Miller and Engstrom, 2007) . A repetition rate of up to 20 notes per second (S.M. Phelps, unpubl.) requires precise coordination of fine orofacial movements. Calls span both audible and ultrasonic frequencies (8 -50 kHz) and are produced by both sexes in social contexts (Fernandez, 2006; Miller and Engstrom, 2007) . Call structure is sexually monomorphic but males call more than females and produce longer calls. Behavioral data on the elicitation of male call production (Fernandez, 2006) suggest that call functions include territorial advertisement and mate attraction.
Here, we systematically describe the brain-wide distribution of Foxp2 protein in S. teguina and S. xerampelinus, including multiple adults of both sexes to investigate the potential for individual or sex differences in expression patterns. To evaluate the extent to which neural Foxp2 is conserved in singing mice relative to other muroid rodents we compare expression patterns in the two Scotinomys species to those in the deer mouse, Peromyscus maniculatus, a representative of the family Sigmodontinae to which Scotinomys belongs, and the more distantly related lab mouse, Mus musculus. Phylogenetic relationships between the four species are represented in Figure 1 . Because call articulation in singing mice requires tight control of facial musculature and impaired FOXP2 function in humans is consistently associated with the inability to coordinate fine orofacial movements (Lai et Taking advantage of the well-characterized neuronal connections in the rat brain (e.g., Paxinos, 2004) we asked whether the structures enriched for Foxp2 across all four species subserve related circuits. We used these data to develop a generalized model for Foxp2-modulated pathways in mammals. Given the strong association between FOXP2 mutations and speech and language deficits, we were particularly interested in defining the extent to which Foxp2 is preferentially expressed in neural circuits involved in fine motor production and auditory perception.
MATERIALS AND METHODS Animals and tissue preparation
Scotinomys teguina and S. xerampelinus (n ‫؍‬ 12; 3 per sex, per species) used in this study were unrelated, lab-reared adults, derived from wild-caught individuals captured in Monteverde, Costa Rica (S. teguina) and Parque Internacional La Amistad, Panamá (S. xerampelinus). Lab-reared Peromyscus maniculatus (n ‫؍‬ 2 males, 1 female) and Mus musculus (n ‫؍‬ 1 male, 1 female; Jackson Laboratories, Bar Harbor, ME; B6 (C57BL) strain) were also adults. Subjects were euthanized by CO 2 or isoflurane inhalation; brains were extracted immediately and drop fixed in 4% paraformaldehyde in phosphatebuffered saline (PBS). Following a minimum of 24 hours in fixative at 4°C, brains were cryoprotected for an additional 24 -48 hours in 30% sucrose made in 4% paraformaldehyde-PBS. Coronal sections from the olfactory bulbs through the cerebellum were cut to 40 m on a freezing microtome and collected into PBS. All animal protocols were approved by the IACUC committee at University of Florida and were in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Foxp2 Immunocytochemistry
Floating sections were incubated for 15 minutes in 3% H 2 O 2 in 0.01 M PBS (pH 7.2-7.4) to quench endogenous peroxidase activity, washed in PBS, blocked for 1 hour in 10% normal goat serum (NGS) with 3% Triton-X in PBS (PBSTX), and washed in PBS. Sections were incubated overnight at 4°C with rabbit polyclonal antibody directed against Foxp2 (Abcam, Cambridge, MA; ab16046), diluted 1:1,000 in 5% NGS-PBSTX. The Foxp2 antibody used in this study was raised against a synthetic peptide conjugated to KLH and derived from residues 703-715 of exon 17 at the C-terminus of human FOXP2. Control sections were incubated without the primary antibody, or with primary antibody that had been preincubated overnight at 4°C with 1 g/mL of the peptide used in antibody production (Abcam, ab16278). The next day sections were washed extensively in PBS, incubated for 1 hour with biotinylated goat antirabbit lgG, washed, and incubated for 1 hour in avidin-biotin-horseradish peroxidase solution (Leinco,sites were stained black. The reaction was stopped in PBS. Rinsed sections were mounted onto slides, air-dried overnight, dehydrated in serial alcohol dilutions, and coverslipped from xylene with Eukitt (Calibrated Instruments, Hawthorne, NY).
Analysis and figure preparation
Sections were visualized using a Zeiss Axiophot microscope interfaced with a CCD camera (Retiga 2000R; resolution 1,600 ؋ 1,200 pixels; QImaging). Structures were identified using the mouse atlas (Paxinos and Franklin, 2001) for Mus, and a combination of the mouse and rat (Paxinos and Watson, 1998) atlases for the two Scotinomys species and P. maniculatus. For each species a complete set of adjacent sections was stained with cresyl violet. To discriminate nuclei in the amygdala and thalamus, adjacent sections were stained for acetylcholinesterase. For regions with complex Foxp2 expression patterns (e.g., cortex, striatum, extended amygdala, hypothalamus, thalamus, periaqueductal gray), we chose 3-4 representative levels per region, digitized corresponding sec- 
RESULTS
Overall, we found a highly conserved pattern of Foxp2 expression across the four muroid species examined in this study. With some notable exceptions (described below), Foxp2 was enriched in the same structures and betweenstructure differences in strength and density of expression were qualitatively comparable across species. We found no discernable interindividual variation, or evidence of gross sex differences in any of the species. In the systematic description of Foxp2 expression below, expression patterns were consistent across all four species unless otherwise specified.
The specificity of the Foxp2 antibody used in this study was supported by the absence of 
Cortex
The most striking feature of the cortical distribution of Foxp2 was strong localization to layer VI throughout the brain, an expression pattern previously reported for Mus (Ferland et al., 2003) . However, Foxp2 was also enriched in layer V. While this distribution was diffuse relative to that in layer VI, localization to particular cortical areas was evident, with some clear differences among species (Fig. 1) .
In the rostral forebrain, all species exhibited some degree of Foxp2 expression in dorsomedial layer V, particularly in premotor and medial motor cortices. In S. teguina, however, a thin but pronounced band of Foxp2-positive cells extended ventrally throughout cingulate and prelimbic cortices (Fig. 1B) . Expression in these areas was weak and diffuse in P. maniculatus and Mus and absent in S. xerampelinus (Fig. 1C-E) . Progressing caudally, layer V expression in the hind-and forelimb compartments of primary somatosensory cortex was qualitatively denser in P. maniculatus relative to S. xerampelinus and Mus, and completely lacking in S. teguina (Fig. 1G-J) .
In S. teguina, a small but distinct population of Foxp2-expressing cells was focused in layer V of granular and dorsal disgranular cortices (Fig. 1L ), extending rostrocaudally from the level of the decussation of the corpus callosum to the beginning of the gray matter of the hippocampal formation. This distribution was weak and transient in S. xerampelinus and P. maniculatus and absent in Mus (Fig. 1M-O) . All species exhibited moderate Foxp2 expression in layer V of the medial part of the posterior parietal association cortex. In P. maniculatus, however, expression extended laterally throughout parietal cortex and medially through visual and retrosplenial agranular cortices, being most pronounced in rostral visual areas. P. maniculatus was also distinguished by a distinct cluster of Foxp2-enriched cells in layer V at the transition between ectorhinal and perirhinal cortices (Fig. 1Q-T) .
Olfactory system, septum, and extended amygdala Foxp2 protein in the main amygdaloid nuclei was predominantly localized to the medial and basomedial amygdala, with scattered expression in the anterior cortical nuclei, and no expression in the central, lateral, or basolateral nuclei (Fig. 4) . Within the medial nuclei, all species exhibited strong, diffuse expression throughout the dorsal nucleus. However, a localized concentration of Foxp2-expressing cells in the anterior part of the ventral nucleus was observed in P. maniculatus and Mus (Fig. 4E-H ), but not in either Scotinomys species (Fig.  4A-D) .
Most strikingly, Foxp2 protein was highly concentrated in the main intercalated nucleus (IM) and in the smaller intercalated cell masses along the medial margins of the basolateral anterior and the lateral nuclei, and along the lateral margin of basolateral posterior nucleus (Fig. 4) . Foxp2 expression also extended medially from IM into the poorly characterized transitional region of the SLEA/BSTIA, which separates the medial and basomedial nuclei from the central and basolateral nuclei. (Fig. 5E-H ). This punctate pattern persisted more caudally in the interstitial nucleus of the posterior limb of the accumbens. In P. maniculatus and S. xerampelinus, the Nacc distribution of Foxp2 included an area with minimal expression which extended dorsolaterally across the core-shell boundary. However, the Foxp2-poor area began ventromedial to the anterior commissure in S. xerampelinus (Fig. 5J ) but ventrolateral to the commissure in P. maniculatus (Fig. 5K ). These areas of low expression were evident in both species from the level of the decussation of the corpus callosum to the disappearance of the Nacc, corresponding to Ϸ360 m in S. xerampelinus and 480 m in P. maniculatus. Even taking into account high cell densities, Foxp2 expression in all species was particularly pronounced in the lateral stripe of the striatum, the islands of Calleja, and the olfactory tubercle. Small clusters of Foxp2-enriched cells were observed in anterior ventral pallidum (VP); expression was minimal in posterior VP and absent from the nuclei of the diagonal band ( Fig. 5E-H) .
Basal ganglia and mesolimbic dopamine circuit

Consistent with studies in Mus and
Foxp2 expression was scattered in both the lateral and medial compartments of the globus pallidus but was highly concentrated in the cell-dense subthalamic nucleus. Scattered positive cells in the rostral substantia nigra pars reticulata were mainly localized ventromedially ( Fig. 6A-D) ; progressing caudally, expression shifted dorsolaterally ( Fig. 6E-H) . Expression was continuous throughout the substantia nigra pars compacta and the adjacent ventral tegmental area (Fig. 6 ).
Hypothalamus
In the anterior hypothalamus, Foxp2 was selectively enriched in some but not all preoptic nuclei. Expression was strong but diffuse in the medial preoptic area and the circular nucleus, more concentrated in anterodorsal ( Fig. 7A-C ) and strial nuclei, widely scattered in the lateral preoptic area, and absent from the medial nucleus. Expression in the midline median preoptic nucleus was pronounced in Mus relative to P. maniculatus and Scotinomys (Fig. 7A-C) .
Progressing caudally, Foxp2 was concentrated in the paraventricular nuclei, particularly in the parvocellular nuclei, in the supraoptic nuclei (Fig. 7D-F) , in the lateral part of the arctuate nucleus, and in the dorsomedial nuclei. There was strong but diffuse expression in medial tuberal nucleus and in the lateral and posterior hypothalamus. No Foxp2-positive cells were observed in the anterior or ventromedial nuclei of any species. In the mammillary nuclei, expression was strong in the dorsal tuberomammillary and ventral premammillary nuclei, and in supramammillary nuclei, but was minimal in the lateral nucleus and absent from the medial nuclei (Fig. 7G-I ).
Thalamus and collicular nuclei
Thalamic Foxp2 expression was most highly concentrated in the midline and intralaminar nuclei (Fig. 8B-D) , particularly the paraventricular, paracentral, paratenial, central medial, interanteromedial, rhomboid, reuniens, and xiphoid nuclei. Foxp2 was completely absent from the reticular nucleus in all species and was minimally expressed in the anteromedial nucleus in Peromuscus and Mus, but not in either Scotinomys species (Fig. 8B-D) . Expression was strong in mediodorsal and most lateral nuclei (Fig. 8F-H) , and comparatively weaker in ventromedial and pretectal nuclei. There was strong localized expression along the lateral margin of medial habenular nucleus, with contrastingly diffuse expression in the lateral nucleus ( Fig.  8F-H) . Foxp2 was also expressed throughout the parafascicular, posterior and the ventral posterior nuclei, with the exception of the gustatory nucleus.
Foxp2 was highly enriched in both the lateral and medial geniculate, but was qualitatively stronger throughout the medial geniculate (Fig. 8J-L,N-P) . Expression in the lateral geniculate was concentrated in the dorsal compartment and scattered in the ventral nuclei (Fig. 8J-L) . The superior colliculus exhibited strong Foxp2 expression with no evident differences among layers (Fig. 9B-D) . Expression was, however, comparatively more dense in the inferior colliculus, being particularly pronounced in dorsal and central nuclei (Fig. 9F-H) .
Pons, cerebellum, and medulla oblongata
Foxp2 expression was minimal in the anterior region of the periaqueductal gray (PAG), with a scattering of positive cells along the midline. In posterior PAG, expression was relatively dense in the dorsal and ventrolateral nuclei. Foxp2 was not expressed in the lateral nucleus. Expression in raphe nuclei was limited to dorsal and ventrolateral parts of the dorsal nuclei (Fig. 10B,C) . Expression in the paralemniscal area was strong but diffuse. Foxp2 was similarly enriched in the dorsal nucleus of the lateral lemniscus, in several parabrachial nuclei (dorsal, lateral, ventral, and medial), with concentrated expression in the external compartment of the lateral nucleus (Fig. 10E,F) . In tegmental nuclei, expression was concentrated in ventral and dorsal nuclei and scattered in the dorsomedial tegmental area (Fig. 10E,F) .
In the cerebellum, most expression was localized to the Purkinje cell layer, as previously described in Mus and Rattus (Fig. 11B ). In the pons and medulla, Foxp2 expression was strong but diffuse in locus coeruleus and in the oral part of the pontine reticular nucleus. In posterior medulla, expression was highly concentrated throughout the inferior olivary complex, scattered in the prepositus nucleus, and lacking or minimal in all other nuclei (Fig. 11D) .
DISCUSSION
In this study we demonstrate that the distribution of neural Foxp2 is highly conserved across four species of muroid rodents. The sheer breadth of Foxp2 expression indicates that the locus is unlikely to selectively regulate circuits governing verbal and vocal functions. Specific influences on vocal pro- The comprehensive expression data presented in this study suggest that Foxp2 is integrally, although not exclusively, involved in pathways that subserve modulation of fine motor output, multimodal sensory processing, and sensorimotor integration. We discuss evidence supporting these hypotheses and consider the evolutionary and functional implications of the interspecific expression differences detected in this study. In closing, we propose a generalized schema for Foxp2-modulated circuitry in the adult brain and suggest ways in which experimental manipulations in rodents could provide insight into the role of Foxp2 in complex vocal communication in humans and other mammals.
Foxp2 in the basal ganglia: limbic modulation of motor output?
Current models of the neural circuitry of speech production and processing recognize that this mechanically and cogni- In the ventral striatum, Foxp2 was expressed throughout the Nacc but was more concentrated in the shell (species In combination, the strong localization of Foxp2 to deep limbic cortex, striosomes, Nacc shell, SNc, VTA, and STh, and comparative scarcity in the major output nuclei of the basal ganglia (e.g., medial globus pallidus and substantia nigra pars reticulata), suggest a predominant role in motivational and integrative circuits, rather than in the direct regulation of motor output. Given that speech in humans and social vocalizations in other species are voluntary motor responses to external stimuli whose production requires both assignment of valence to sensory input and motivational regulation, this hypothesis is broadly compatible with current views on the speech-related function of FOXP2 in the caudate (Vargha-Khadem et al., 2005) . Likewise, a striatal function in motor skill acquisition but not in motor output is indicated by the finding that impaired synaptic plasticity in the dorsolateral striatum of heterozygous R552H mutant mice is coupled with motor deficits that are exclusive to learned tasks (Groszer et al., 2008) .
(E-H). Foxp2 distribution is continuous in the pars compacta (SNc). Expression in S. teguina (A-B,E-F) and M. musculus (C-D,G-H) is representative of S. xerampelinus and P. maniculatus. Boxed areas in
Foxp2 in the olivocerebellar system: a role in motor timing?
Like the caudate, the cerebellum is critical to normal speech production and is implicated in motor preparation preceding speech (Gordon, 1996; Riecker et al., 2005) ; motor output from the cerebellum is relayed to the motor cortices via the thalamus (Rouiller et al., 1994 ). In the cerebellum Foxp2 expression was mainly restricted to the Purkinje cells in the cerebellar cortex, which are fundamental to information transfer and 
Foxp2 in descending vocal motor circuits
Given the strong correlation between FOXP2 dysfunction and deficits in fine orofacial movements and speech production ( Foxp2 was highly enriched both in the ascending auditory relay nuclei, (lateral lemniscus, inferior colliculus, medial geniculate) and the parallel visual relay (superior colliculus, dorsal lateral geniculate, pretectal nuclei). However, no expression was detected lower in the auditory pathway (superior olivary and cochlear nuclei). In somatosensory circuits, Foxp2 was not found in subthalamic relays but was expressed throughout thalamic somatosensory areas in the ventral and posterior nuclei.
Expression was particularly pronounced in midline and intralaminar nuclei, which mediate both cortical arousal and sensorimotor integration via connections with the basal ganglia, motor, and limbic cortices (Berendse and Groenewegen, 1991; Levesque and Parent, 1998; Nakamo et al., 2000). Foxp2 was also highly concentrated in mediodorsal (MD) nuclei and moderately enriched in ventral motor nuclei. MD thalamus Together, these data suggest that Foxp2 is involved in subcortical and cortical sensory processing, and higher-order motor planning, but not in the initial acquisition and transmission of sensory input from the periphery. Qualitatively stronger expression in subcortical auditory relative to visual circuits, and enrichment in thalamic nuclei involved in vocal production are certainly noteworthy. However, expression throughout auditory, visual, somatosensory, and motor compartments of the thalamus suggests that, rather than modulating particular sensory or motor pathways, Foxp2 is critical to sensorimotor integration at the level of the thalamus and cortex. Thus, experimental manipulations targeting specific thalamic nuclei and corresponding cortical regions may prove particularly fruitful in deciphering the functions of this gene.
Foxp2 in the rodent olfactory system
In macrosomatic mammals such as rodents, the olfactory system is integral to social interactions and emotional response ( 
Species differences are localized to the limbic forebrain and cortex
Given the complex acoustic structure of singing mouse calls and the precise orofacial coordination required for their production, we expected to find expression differences in the two Scotinomys species relative to Peromyscus and Mus in circuits regulating vocal production. Instead, expression in subcortical motor and sensory circuits was highly conserved; detectable interspecific differences appeared random with respect to phylogeny and were mainly localized to cortex and subcortical limbic forebrain (nucleus accumbens, medial hypothalamus, medial amygdala).
In Mus and P. maniculatus In the ventral striatum, qualitative interspecific differences in Foxp2 expression were loosely defined by the topography of cortical projections to the shell and core divisions of the Nacc (reviewed in Voorn et al., 2004) . Expression in P. maniculatus was discontinuous in lateral Nacc, a region that receives most projections from agranular insular cortex. In S. xerampelinus, an area with minimal expression was observed more medially in a region highly innervated by afferents from prelimbic cortices. Interestingly, Foxp2 is completely absent from Nacc core in Rattus (Takahashi et al., 2003) .
In the cortex, the distribution of Foxp2 in layer V was an unexpected source of interspecific variation, particularly in S. teguina and P. maniculatus. While interpretation of these data depends on whether Foxp2 is localized to projection or interneurons, we note that layer V in the perirhinal cortex, in which a unique Foxp2-positive cell population was observed in P. maniculatus, sends extensive projections to posterior parietal, agranular, visual, and infralimbic cortices (McIntyre et al., 1996) , all areas with additional Foxp2 enrichment in P. maniculatus. This pattern of expression across spatially disjunct but anatomically connected regions suggests involvement in cortico-cortical transmission.
Whether Foxp2 in these variable regions directly influences species differences in behavior remains to be determined. However, the contrast between high conservation across subcortical sensorimotor circuits and localized variation in cortex and subcortical limbic forebrain has two important implications. 1) The function of Foxp2 in auditory and motor aspects of vocal communication may be fundamentally conserved and, at least in the case of muroid rodents, does not extend to species differences in articulatory and acoustic complexity. A comparable pattern of conserved expression in motor circuits is observed across song-learning and nonlearning birds (Haesler et While inconsistencies across studies may be explained by differences in genetic background (to which USVs are highly sensitive; Brunelli, 2005) and molecular approaches, a larger question is whether pup USVs are an informative measure of Foxp2-mediated vocal dysfunction in rodent models. USVs, which are emitted by pre-endothermic pups isolated from their nest, are not modulated by auditory feedback, and have been interpreted as an acoustic byproduct of arousal due to the perception of cold or loss of social contact (Blumberg and Sokoloff, 2001; Ehret, 2005) .
Given the functional role of FOXP2 in voluntary, socially motivated communication such as speech and birdsong, analysis of both production and perception of acoustic signals in adult R552H knockin/mutant mice should be more relevant to the neural mechanisms of speech and language dysfunction in humans carrying the equivalent FOXP2 substitution. Likewise, targeted gene silencing in appropriate rodent models may prove particularly useful in defining the role of Foxp2 in vocal production and perception relative to other sensorimotor, limbic, and developmental functions. For example, the hypothesis that Foxp2 in the olivocerebellar system modulates motor timing of speech production could be tested by silencing expression in the inferior olive in species such as S. teguina and S. xerampelinus. The rapidly articulated and highly stereotyped calls of adult singing mice should be sensitive indicators of temporal deficits in vocal production. The proposed role of Foxp2 in motivational control of speech could be tested in the lab rat, a system that has already provided considerable insight into the involvement of the mesolimbic dopamine circuit in vocalizations of positive affect (Panksepp, 2007) 
Synthetic hypothesis for Foxp2-modulated circuitry in adult mammals
Vargha-Khadem et al. (2005) developed a model for FOXP2-dependent circuitry in speech production in which output from Broca's and premotor areas in frontal cortex is transduced and returned to motor cortex via two parallel loops: basal ganglia-thalamus and pontine graycerebellum-thalamus. Here we propose a functionally and taxonomically broader hypothesis for circuits influenced by adult expression of Foxp2 (Fig. 12) . The brain-wide distribution of Foxp2 suggests involvement in at least three major pathways, all of which are dependent on thalamic processing and transmission of subcortical and cortical inputs. 1) Striatal modulation of fine motor response based on dopamine-mediated valuation of input from the thalamus and limbic cortex (Fig. 12A) . 2) Olivocerebellar modulation of motor timing (Fig. 12B). 3) Thalamic integration of sensory input with an emphasis on auditory and visual circuits (Fig. 12C) . We include a fourth circuit, in which olfactory social cues are processed and assigned emotional valence in the limbic forebrain (Fig. 12D) . This pathway is integral to social communication in rodents, but may be deemphasized in mammals with reduced olfactory investment (e.g., primates).
While none of the pathways outlined in Figure 12 are exclusive to vocal production or processing, each has the potential to influence vocal communication through distinct mechanisms. By understanding how Foxp2 functions in this broader network of circuits we may gain a more complete appreciation of the nature and specificity of its contributions to adult behaviors. Such work would deepen our understanding of vertebrate vocal communication and its relationship to human language. 
